Background: Matrix-assisted laser-desorption and ionisation time-of-flight mass spectroscopy (MALDI-TOF MS) is a powerful tool for the characterisation and/or identification of protein-containing samples. Several MALDI-TOF MS sample-preparation methods are currently available but few of these are well suited to the analysis of plant material. We have recently developed a simple, rapid, and relatively-cheap method for MALDI-TOF MS that is applicable to plant material (in addition to microbial and insect material), and our aim in this study was to distinguish between closely-related plant species and/or between regional biotypes within an invasive weed species using this method with a view to optimising the selection of biological control agents that can be used for weed management.
Background
Matrix-assisted laser-desorption and ionisation timeof-flight mass spectroscopy (MALDI-TOF MS) employs MALDI soft ionisation of biological samples [1] . In this process, large proteins can be prepared intact in the gas phase with predominantly a single positive charge [2] . The time-of-flight of a charged protein along a tube held at high vacuum after acceleration in an electrical field is proportional to the square root of the mass-over-charge ratio for the protein, thereby allowing a mass spectrum to be generated from the time-of-flight values for the protein components in a particular biological sample. The mass spectrum of a subset of the expressed proteome of a biological sample (normally the highly-expressed acidsoluble proteins, including many ribosomal proteins) is a versatile and sensitive tool for the characterisation and identification of the sample.
MALDI-TOF MS has been used extensively for the identification and/or characterisation of biological samples. A key driver has been human clinical microbiology; a field that has been transformed by MALDI-TOF MSbased diagnostics, particularly for bacterial and yeast infections [8] . This area is extensively and comprehensively reviewed by Clark et al. [5] , along with the current art regarding methods for sample preparation that are commonly used within clinical settings for microbial diagnostics. Additional microbial methods have been developed for mycobacteria [6] and for yeasts, notably the rapid-extraction methods developed by Fraser et al. [7] . Lagging behind slightly has been the development of methods for MALDI-TOF MS-based identification and/ or characterisation of filamentous fungi [4] , though this area is catching up steadily, largely due to the development of robust methods commonly referred to as 'fullextraction' protocols after the seminal work of Cassagne et al. [3] .
Whilst a number of sample-preparation methods are currently available, the most significant of which can be found in the above references [3] [4] [5] [6] [7] [8] , these methods are not particularly convenient for the analysis of plant material [9] . Plant material cannot, for example, be used for 'direct-transfer' protocols [5] because plant material does not adhere adequately to the sample plate. In addition, the more involved full-extraction protocols [3] also present difficulties for working with plant material because plant biomass does not pellet reliably after centrifugation in 70% (v/v) ethanol and the later formic acid lysis step in these protocols is not able to lyse plant material without additional maceration. In order to overcome some of these difficulties, a highly-simplified and inexpensive method for MALDI-TOF MS sample preparation that is applicable to plant-leaf material has been developed. In short, this method lyses cells by maceration in aqueous acetonitrile containing trifluoroacetic acid (TFA), which selectively extracts acid-soluble proteins. Lysis and extraction are carried out in the presence of near-saturated and inexpensive-grade MALDI matrix. The resulting matrix-saturated lysate containing acid-solubilised proteins is then dried down directly onto the MALDI-TOF MS sample plate, overlaid with additional matrix (if required), and analysed. This method has broad applicability for the characterisation and identification of bacteria, fungi (including rust spores), and insects in addition to plants.
Impatiens glandulifera (Balsaminaceae), commonly known as Himalayan balsam, is an annual plant native to the foothills of the Himalayas. It was first introduced as a garden ornamental into Kew Gardens, UK in 1839 [10] and has since naturalised and spread throughout the UK to become one of the UK's most-prevalent invasive species. In 2006, CABI initiated a biological control programme against Himalayan balsam and conducted surveys for natural enemies across the native range [11] . A rust fungus, identified as Puccinia komarovii var. glanduliferae [12] was prioritised due to its prevalence and high level of damage in the field. Extensive studies using a strain of the rust (IMI 398718) from Kullu Valley, Himachal Pradesh, India were conducted under quarantine conditions and detailed the life-cycle, infection parameters, and host-range. Host-range experiments assessed the susceptibility of 74 plant species towards the rust, and the test-plant list included native, ornamental, and economically-important plant species of relevance to Europe [13] . Closely-related species included Impatiens balsamina (an ornamental, rarely grown in the UK), Impatiens scabrida (an ornamental), Impatiens parviflora (an invasive species widespread across the UK and Europe) and Impatiens noli-tangere (a UK native with high conservation importance [14] ). The rust was found to be highly host-specific, and only I. glandulifera and I. balsamina were fully susceptible to the rust [13] .
The culmination of this research formed a Pest Risk Assessment (PRA) and, following official government approval, the Indian strain of the rust was released in England in September 2014 [15] . Subsequent field releases across England and Wales in 2015 and 2016 revealed that regional biotypes of I. glandulifera differed in their susceptibility towards the rust, with some regional biotypes being fully susceptible, whilst others are resistant [16] . This, combined with results reported by Nagy and Korpelainen [17] , who found that I. glandulifera was introduced into the UK multiple times from different locations in the native range (both India and Pakistan), strongly suggests that a number of different biotypes of I. glandulifera exists throughout the UK. In response to this, a second strain of the rust (IMI 505791), from Kaghan Valley, Khyber Pakhtunkhwa Province, Pakistan was retrieved from storage in liquid nitrogen and its host-specificity was confirmed through the testing of a number of closely-related species [16] . Initial assessments found that the Pakistan strain can infect a significant number of I. glandulifera regional biotypes that are resistant to the Indian strain. Permission to release this strain was granted in January 2017 and, after conducting susceptibility assessments for each regional biotype, the most virulent strain of the rust was released at field sites during 2017.
With the aim of providing a rapid and inexpensive method for analysing the relatedness between plant samples that could be used to tailor these rust-based biological control agents to target-species plants and susceptible plant biotypes within the target species faster and cheaper than our current method (growing plants and then testing them empirically by inoculating with different rust strains), we have employed the above MALDI-TOF MS-based method to differentiate between closely-related Impatiens spp. and between regional biotypes of the invasive species I. glandulifera. The closelyrelated Impatiens spp. were chosen based upon prior knowledge of their relatedness from phylogenetic analysis of barcoding data [18] . The regional biotypes for I. glandulifera were chosen on the basis of their availability and their differing susceptibility to the two strains of Himalayan balsam rust, thus providing a convenient testbed for our MALDI-TOF MS-based approach to tailor specific rust strains to regional invasive-weed biotypes that have differing susceptibilities. In our study, we used three iterations of experimental design and data analysis for sample discrimination, the benefits and limitations of which will be discussed.
Methods

Plant growth
Seeds were sourced from field collections in the UK during 2016 and were stored for a period of at least 6 months at 4 °C before use. Following storage, seeds were placed on sterile filter paper moistened with sterile distilled water in a 9-cm diameter Petri dish, transferred to a 4 °C incubator, and observed every 5 days for signs of germination. Following germination, seedlings were potted on in 10-cm diameter plant pots containing approximately 200 g of John Innes compost (Westland, Sandbach, UK). Plants were maintained in a glasshouse growth room at 21 °C with natural lighting for a period of 12 weeks before sampling of leaf material.
Samples
For discrimination between closely-related Impatiens spp. and regional biotypes of I. glandulifera using grouping based on principal-component analysis (PCA) and closest-relatedness diagrams (Experiment 1), samples were collected from glasshouse-grown: I. glandulifera originating from Harmondsworth Moor and Silwood Park, UK; I. noli-tangere; I. parviflora; I. scabrida; and I. balsamina. One leaf was sampled per plant of each species and excised to four fragments of roughly 2 mm × 2 mm (Additional file 1: Figure S1 ). Samples (numbered 1-24) were randomised and processed blind in numbered Eppendorf tubes for grouping on the basis of MALDI-TOF MS data. For discrimination between regional biotypes of I. glandulifera by identification of test samples against reference-sample spectra using single leaves from single plants (Experiment 2), samples (numbered 25-40) were collected from glasshousegrown samples of four UK regional biotypes of I. glandulifera with different susceptibilities to the India-strain and Pakistan-strain of the rust. The sample regional biotypes originated from Harmondsworth Moor, Middlesex and Lampeter, Ceredigion (India-strain-susceptible, Pakistan-strain-susceptible); Rhosmaen, Carmarthenshire (India-strain-resistant, Pakistan-strain-susceptible); and Silwood Park, Berkshire (India-strain-resistant, Pakistan-strain-partially-susceptible). Three leaf fragments were used to generate reference MALDI-TOF MS spectra from each regional biotype and four leaf fragments were used for 'blind-testing' against these reference spectra (Additional file 2: Figure S2 ). For discrimination between regional biotypes of I. glandulifera by identification of test samples against reference-sample spectra using multiple leaves from multiple plants (in order to investigate whether leaf age has an impact upon the ability to discriminate between regional biotypes) (Experiment 3, with samples numbered 41-56), two leaves with different growth stages (an old, mature leaf taken from the first whorl and a young, fully expanded apical leaf ) from two plants of the same four regional biotypes of I. glandulifera as mentioned above were used. Each leaf was excised to two fragments (A and B) (Additional file 3: Figure S3 ). For both methods of discrimination between regional biotypes of I. glandulifera by identification of test samples against reference-sample spectra, the excised leaffragment samples were approximately 3 mm × 3 mm. All the fragments as mentioned above were soaked in 70% (v/v) ethanol (Sigma, Gillingham, UK, with LC-MSgrade water, Fluka, Gillingham, UK) until use. For Experiment 3, duplicate sample preparations (A and B) were carried out from each leaf and duplicates one microlitre aliquots of each sample preparation (1 and 2) were spotted onto the sample plate. The same plants and leaves were also used to provide reference spectra but this time using a single sample preparation and a single spot on the sample plate so that, in order to eliminate statistical bias, all reference spectra would appear in the Bruker identification tables (maximum 20 samples) prior to averaging.
After decanting and evaporating the 70% (v/v) ethanol, leaf fragments in Experiment 1 were macerated in 80 µl of [11 mg/ml ≥ 98% (TLC-grade) HCCA matrix (Sigma, Gillingham, UK) in 65% (v/v) LC-MS-grade acetonitrile (Fluka, Gillingham, UK), 2.5% (v/v) 99% ReagentPlus ® -grade TFA (Sigma, Gillingham, UK), and 32.5% (v/v) water] (Solution 1) using the blunt end of a plastic inoculating loop. One microlitre of the resulting crude lysate was pipetted onto the sample plate and air dried. This was then overlaid with a further 1 µl of Solution 1 above, air dried, and loaded into a Bruker Microflex spectrometer (Bruker Daltonik, Bremen, Germany), which was run using the standard manufacturer's settings. For Experiments 2 and 3, leaf fragments were macerated in 60 µl of [12 mg/ml HCCA matrix in 60% (v/v) acetonitrile, 2.5% (v/v) TFA, and 37.5% (v/v) water] (Solution 2) using the blunt end of a plastic inoculating loop. One microlitre of the resulting crude lysate was then pipetted onto the sample plate singly for Experiment 2 and twice (labelled as 1 and 2) as replicates for Experiment 3. After being air dried, these were then overlaid with a further one microlitre of Solution 2 above, air dried again, and loaded into the Bruker Microflex spectrometer.
Mass spectrometry
Mass spectrometry covering the range 2-20 kDa was carried out using a Bruker Microflex platform (Bruker Daltonik, Bremen, Germany), using a nitrogen laser at 337 nm and an ion-source voltage of 19.98 kV. Calibration was carried out using the manufacturer's 'BTS' controls (E. coli proteins supplemented with ribonuclease A and myoglobin), using peaks with masses at 3637.8; 5096.8; 5381.4; 6255.4; 7274.5; 10,300.2; 13,683.2, and 16,952.3 for calibration according to the manufacturer's instructions. Spectra were acquired using MALDI Biotyper RTC Version 4.0 (Build 19), and database entries were made as single-spectra MSPs using the Bruker Online Client software suite (Version 4.0.19, Bruker Daltonik, Bremen, Germany) using the manufacturer's settings.
Data analysis
PCA was carried out on spectra as indicated using the Bruker Online Client software suite using the manufacturer's settings to generate ordination plots. Closestrelatedness diagrams were constructed by joining any sample numbers that appeared as analyte and best-match after identification. This process generates relationships where a single line denotes one strongest-match linkage and a double line denotes a pair of strongest-match linkages. For average spectral-similarity analysis, reference samples were first used to construct database 'reference' mass spectra, which were then used to identify the unknown 'blind-test' samples using the Bruker Online Client software suite and using the manufacturer's settings. Each blind-test sample was identified against all twelve reference spectra. The resulting logarithmic Bruker scores between 0 and 3 were then converted back to linear scores between 0 and 1000. The resulting linearised values for all three reference spectra derived from each regional biotype were averaged and the regional biotype with the highest average figure was selected as the identification call. The percentage clearance value (defined as the percentage gap between the highest average value and the second-highest average value) was then calculated as a crude measure of the identification confidence, with 0-10% clearance arbitrarily defined as lowconfidence, 10-20% clearance as reasonable confidence, and better than 20% clearance as high confidence.
Results
Blind-test discrimination between closely-related
Impatiens spp. and regional biotypes of I. glandulifera using grouping based on PCA and closest-relatedness diagrams All 24 samples, comprising six groups of closely-related Impatiens spp. (including I. noli-tangere, I. parviflora, I. scabrida and I. balsamina) and regional biotypes of I. glandulifera from Harmondsworth Moor and Silwood Park gave spectra (representative examples of which are shown in Fig. 1 ) and these were initially analysed blind using PCA to give the ordination plot shown in Fig. 2 . On the basis of the blind-test PCA ordination plot, three clear groups of four blind-test samples were observed, along with a more diffuse group of the remaining 12 blind-test samples (Fig. 2) . The three distinct groups from the principal-component analysis were PCA group 1 (comprising samples 2, 6, 11, and 22), PCA group 2 (samples 3, 17, 18, and 20), and PCA group 3 (samples 1, 5, 8, and 12). The remaining samples could not readily be grouped on the basis of the PCA ordination plot. Pairwise identifications were therefore carried out between these 24 blind samples using the Bruker Online Client software package. The identification results are given in Table 1 . Closest-relatedness diagrams were then constructed by joining any blind-test sample numbers that appeared in the same row in Table 1 . This process generated the relationships shown in Table 2 , where a single line denotes one strongest-match linkage in the data from Table 1 (14, 16, 19 , and 21) that could not easily be discerned from the PCA ordination plot. Strongest-match linkage group 5 contains complex linkages and the initial resolution prior to unblinding was to split the sample grouping into 4, 9, 10, and 24 and 7, 13, 15, and 23. A better resolution might however have been to take note of the double linkage between samples 4 and 10 and to make 4, 10, 13, and 24 one grouping and the remaining samples (7, 9, 15 , and 23) the final grouping by exclusion. The results after unblinding of the test samples are shown in Table 3 . PCA group 1 (strongestmatch linkage group 3) grouped the I. parviflora samples with 100% accuracy, PCA group 2 (strongest-match linkage group 2) grouped the I. scabrida samples with 100% accuracy, PCA group 3 (strongest-match linkage group 1) grouped the I. noli-tangere samples with 100% accuracy, strongest-match linkage group 4 grouped the I. glandulifera samples originally collected from Harmondsworth Moor with 100% accuracy, strongest-match linkage group 5 (part) grouped the I. glandulifera samples originally collected from Silwood Park with 75% accuracy, and strongest-match linkage group 5 (part) grouped the I. balsamina samples with 75% accuracy. Discrimination between regional biotypes of I. glandulifera by identification of blind-test samples against reference-sample spectra using multiple leaves from multiple plants
The same four regional biotypes of I. glandulifera were again analysed by MALDI-TOF MS but this time using two plants from each regional biotype and two leaves with different growth stages from each plant in order to investigate whether leaf age has an impact upon the ability to discriminate between regional biotypes. Representative example spectra are shown in Fig. 3 .
The average linearised values obtained for the various old-leaf blind-test samples are shown in Table 5 , with the highest values (the identification calls) indicated in italicised font. The identification calls for blind-test samples 41 and 48 are all Silwood Park, the identification calls for blind-test samples 42 and 45 are all Lampeter, the identification calls for blind-test samples 46 and 56 are predominantly Harmondsworth Moor (with blind_test_46_B_1 identified as Silwood Park and blind_ test_56_B_2 also identified as Silwood Park), and the identification calls for blind-test samples 47 and 53 are all Rhosmaen. Averaging the A1, A2, B1, and B2 calls gave the old-leaf identification calls indicated in Table 6 , with blind-test samples 41 and 48 identified as Silwood Park, blind-test samples 42 and 45 identified as Lampeter, blind-test samples 46 and 56 identified as Harmondsworth Moor, and blind-test samples 47 and 53 identified as Rhosmaen. All of these identifications gave percentage-clearance values in the range 10-20% ('reasonable confidence') and all were correct upon unblinding.
The average linearised values obtained for the various young-leaf blind-test samples are shown in Table 7 , with the highest values (the identification calls) again indicated in italicised font. The identification calls for blind-test samples 43, 49, and 51 are all Harmondsworth
Fig. 2 PCA ordination plot derived from the MALDI-TOF MS spectra for blind-test leaf samples of Impatiens glandulifera from Harmondsworth Moor and Silwood Park, Impatiens noli-tangere, Impatiens parviflora, Impatiens scabrida, and Impatiens balsamina
Moor; the identifications calls for blind-test sample 50 are all Rhosmaen; the identifications calls for blind-test sample 54 are all Lampeter; the identifications calls for blind-test sample 44 are split between Harmondsworth Moor (two samples), Lampeter (one sample), and Rhosmaen (one sample); the identifications calls for blind-test sample 52 are split between Lampeter (two samples) and Rhosmaen (two samples); and the identifications calls for blind-test sample 55 are split between Lampeter (three samples) and Rhosmaen (one sample). Averaging the A1, A2, B1, and B2 calls gave the young-leaf identification calls indicated in Table 8 , with blind-test samples 43, 44, 49, and 51 identified as Harmondsworth Moor; blind-test samples 50 and 52 identified as Rhosmaen; and blindtest samples 54 and 55 identified as Lampeter. Upon unblinding, samples 43, 49, 50, 52, and 55 were correctly identified whilst samples 44, 51, and 54 were incorrectly identified. This suggests that, using older leaves, it is possible to distinguish between the above four regional biotypes but, for younger leaves, the results are less reliable.
Discussion
Invasive weeds are a significant economic problem throughout the world; a problem for which biological control (the use of co-evolved natural enemies isolated from the region of origin of the invasive weed) can be an effective and environmentally-sustainable solution. In the current study, we have focused on I. glandulifera; an invasive annual weed native to the foothills of the Himalayas for which two strains of a rust-based biological control agent are currently available (one originating from India and the other from Pakistan). As observed in previous weed biocontrol programmes, particularly when using plant pathogens, which are often intrinsically linked to their hosts, the susceptibility of some weed populations to the biocontrol agent can vary [19, 20] . A successful biocontrol programme is determined by a fully compatible and virulent host-plant interaction. Current practice for optimising such target weed-biocontrol agent pairings is empirical; target plants obtained from a particular site of interest are grown and tested for their susceptibility to the available rust strains. This can be a slow and relatively-expensive process for which a faster and cheaper alternative would clearly be economically advantageous. Given the exquisite resolving power of MALDI-TOF MS-based analysis and the proven track record of this technique in clinical microbiology [3] [4] [5] [6] [7] [8] , we sought to employ MALDI-TOF MS for the identification and/ or characterisation of I. glandulifera and closely-related Impatiens spp. as well as regional biotypes of I. glandulifera with the ultimate aim of being able to match the optimal rust-based biological control agent with the observed regional biotype of I. glandulifera with a known susceptibility profile at a particular site of interest. Whilst a number of excellent sample-preparation methods are currently available and detailed in the above references, as mentioned earlier, these methods are not particularly convenient for the analysis of plant material and so, in order to overcome this, we developed a highly-simplified and inexpensive method for MALDI-TOF MS sample preparation that is applicable to plant material in which cells are lysed by maceration in aqueous acetonitrile containing trifluoroacetic acid (TFA), which selectively extracts acid-soluble proteins. Lysis and extraction are carried out in the presence of near-saturated and inexpensive-grade MALDI matrix. The resulting matrix-saturated lysate containing acid-solubilised proteins is then dried down directly onto the MALDI-TOF MS sample plate, overlaid with additional matrix (if required), and analysed. Acidified acetonitrile was chosen as the solvent basis for our method, with the aim of aiding cell lysis by disruption of the membrane-stabilising hydrophobic effect using high concentrations of acetonitrile and selective ribosomal-protein solubilisation through low pH. TFA was chosen for acidification because it is a significantly stronger acid than formic acid, which is often used in MALDI-TOF MS sample-preparation methods [3] . This means that comparable proton concentrations can be obtained from much lower concentrations of acid, thereby dramatically reducing the amount of odorous material evaporating from the reagent during use. In many current methods (reviewed in [5] ), after protein extraction, the acidic supernatant from formic acid treatment is dried down onto the sample plate prior to overlay with matrix solution. Once dried down onto solid surfaces many proteins often re-solubilise inefficiently. We therefore chose to premix the proteins and matrix and then dry these down together. In order to make this economically feasible, inexpensive matrix is necessary and so we decided to employ less-expensive grades of HCCA, with 98% pure C2020-10G supplied by Sigma being, for example, around 500 times cheaper per gram than many 99%-pure 'MALDI-grade' reagents. In direct-transfer protocols [5] , highly-purified matrix is eventually mixed with a crude cell lysate so we reasoned that the importance of small differences in reagent purity is perhaps overstated given our intended usage. In addition, because it does not require centrifugation, our method is less constrained in terms of throughput and can more readily be employed in resource-poor settings. As we add plant material to a single optimised reagent, macerate, and then pipette one microlitre of the crude lysate onto the MALDI sample plate, our method is highly-simplified. Using 80 µl of a 500-fold cheaper matrix solution rather than one microlitre of conventional matrix still makes our method sixfold cheaper in terms of matrix costs. In absolute terms, our method takes around 2 min of labour time per sample (depending on how easy the plant material is to macerate) and has reagent costs of 1.2 UK pence per sample (0.8 UK pence for acetonitrile, 0.1 UK pence for TFA, and 0.3 UK pence for HCCA matrix).
Using the above method, we have been able to discriminate between the closely-related Impatiens spp., I. noli-tangere, I. parviflora, I. scabrida, I. balsamina, and I. glandulifera and between regional biotypes of I. glandulifera, and three iterations of experimental design and data analysis have been presented for sample discrimination.
In the first of these, we have used a combination of PCA and closest-relatedness diagrams. PCA allows for a simple two-dimensional visualisation of spectral relatedness. As the spectral similarity between samples increases however, we observe that PCA clustering converges to a point at which grouping of different regional biotypes within a species can be difficult to delineate (as observed for example in Fig. 2 above for the remaining samples not in PCA groups 1, 2, and 3). In order to circumvent this difficulty, we developed the method described above which is based upon closest-relatedness diagrams.
Once again, as the spectral similarity between samples increases, we observe that the closest-relatedness diagrams become more complex and difficult to resolve (as observed for example in strongest-match linkage group 5 in Table 2 above). The latter difficulty caused us to modify our approach to the method described above for discrimination by identification of test samples against reference-sample spectra. Whilst this method was initially shown to work with single leaves from single plants, we also employed identification of test samples against reference samples using multiple leaves from multiple plants in order to investigate the impact of leaf age on the discrimination between the regional biotypes of I. glandulifera described above. By way of comparison, the methods using PCA and closest-relatedness diagrams have the advantage that they can be used for sample grouping without knowledge of or access to reference materials. The methods using discrimination by identification of test samples against reference-sample spectra are a little more constrained because of this but they are much more powerful at discrimination between samples that are very similar in terms of their MALDI-TOF MS spectra. They are also free of any subjective bias that is possible where groupings are made on the basis of closely-clustered PCA ordination plots.
Mehta and Silva [9] have previously discussed the potential problems for MALDI-TOF MS from very high abundance proteins such as ribulose bisphosphate carboxylase-oxidase (RUBISCO) that are associated with photosynthesis in plant tissues. For our sample-preparation method throughout these studies, we have been able to obtain mass spectra that contain numerous peaks and which are not overwhelmed by one or a small number of dominant protein peaks. We speculate that the reason for this is that our method selectively analyses only the acid-soluble fraction of proteins that are also soluble in 60-65% (v/v) acetonitrile and that RUBISCO and other such very high abundance proteins are not soluble under these conditions.
Having demonstrated identification of test samples against reference samples for the discrimination between the regional biotypes of I. glandulifera described above, this raises the possibility that further development of this technique might enable the identification of I. glandulifera regional biotypes to a level that could predict their susceptibility to available strains of Himalayan balsam rust; a capability that would significantly increase both the efficiency and efficacy of biological control of this invasive weed-and area of research that we intend to pursue in future studies. Preliminary molecular work Table 7 Averaged new-leaf linearised identification values for regional biotypes of Impatiens glandulifera based on DNA sequences of multiple chloroplast loci suggested that there are a number of different biotypes present in the UK but there is no clear link to rust susceptibility (D. Kurose, personal communication). In particular, it would be desirable to understand better the increase in spectral variance that is observed with younger leaves. As our method selectively extracts acidsoluble proteins for MALDI-TOF MS analysis, many of these will be high-abundance ribosomal proteins. Given that younger leaves are actively growing and undergoing significant development, it is possible that the observed MALDI-TOF MS proteome based upon acid-soluble proteins is sensitive to the developmental stage of the sampled tissue. Given the degree of closeness of the regional biotypes of I. glandulifera described above, it is possible that this adds sufficient variance compared to using older leaves for this to confound the differentiation between regional biotypes. Better understanding of this potential source of MALDI-TOF MS spectral variance will therefore be investigated following on from the work described in this paper.
Conclusions
We have developed a highly-simplified and inexpensive method for MALDI-TOF MS sample preparation that is applicable to plant material in which cells are lysed by maceration in aqueous acetonitrile containing TFA, which selectively extracts acid-soluble proteins. Lysis and extraction are carried out in the presence of near-saturated and inexpensive-grade MALDI matrix. The resulting matrix-saturated lysate containing acidsolubilised proteins is then dried down directly onto the MALDI-TOF MS sample plate, overlaid with additional matrix (if required), and analysed. Mass spectra generated using this method do not appear to be overwhelmed by very high abundance proteins such as RUBISCO that are associated with photosynthesis in plant tissues. Using the above method along with a combination of principal-component analysis and closest-relatedness diagrams derived from MALDI-TOF MS spectral-comparison data, discrimination is possible between the closely-related Impatiens spp. I. noli-tangere, I. parviflora, I. scabrida, I. balsamina, and two regional biotypes of the invasive weed I. glandulifera. Using the above method in combination with sample discrimination based upon comparison between blind-test MALDI-TOF MS spectra and reference-sample spectra, discrimination is also possible, on the basis of the acid-soluble-protein mass spectra generated, between four regional biotypes of I. glandulifera that differ in their susceptibility to the biological control agent Himalayan balsam rust (P. komarovii var. glanduliferae) using mature leaf material. Using younger leaves, discrimination is not possible between these four regional biotypes. MALDI-TOF MS holds great promise for improving weed biological control through matching of biological control agents with susceptible target species/regional biotypes.
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